This paper presents a proposal of a new control method of the switched reluctance motor (SRM) in the low-speed range. The proposed method limits the maximum value of SRM drive supply current. The application of this method results also in improvement of the drive efficiency compared to the classical current control method, so it can be applied to control switched reluctance motors designed to the electric vehicles drive. The method may be effective especially in congested traffic. Nowadays, the urban traffic is characterized by frequent occurrence of traffic jams in which cars move at low speeds. The sources of supply for electric vehicles are mainly electrochemical batteries. Reduction of the maximum value of supply current allows to extend the service life of batteries and improvement of the drive efficiency extends the vehicle range.
Introduction
Traffic jams are the main cause for which it is usually no longer possible to drive a car along streets of modern cities at uniform speed. Getting stuck in a traffic jam, in a car, with the classic internal-combustion engine (ICE) causes unnecessary consumption of fuel. Modern cars with ICE are equipped with Start/Stop system which automatically turns off the engine once the vehicle is stopped and restarts it when the accelerator pedal is depressed again. A very good solution, in this case, it is the use of either electric or hybrid propulsion system which does not consume any energy when the vehicle is stopped [1, 2] . One of several types of machines which are used to drive electric vehicles are switched reluctance motors (SRM). Switched reluctance machines are characterized by a simple construction, fault tolerance, and a wide speed range. These features make them an attractive candidate for electric and traction drives [3] [4] [5] . With the aim to ensure the maximum possible range of vehicles supplied from electrochemical batteries or fuel cells, a lot of effort is put in optimizing algorithms used to control electric drive systems from the point of view of their effectiveness [6] . Reduction of energy consumption in electric vehicles can be achieved by optimizing a driving style, introducing an appropriate energy management in the power system [7, 8] , or employing new power systems [9] [10] [11] . Moreover, power consumption can be reduced by introducing new control algorithms in existing electric drive systems [12] . Driving a car in traffic jams occurs usually at very low speeds. In this paper, a new control method of switched reluctance motor designated to electric vehicle drive is presented. The method is designed especially for controlling SRM in low-speed operation. Application of the proposed method allows to limit the maximum value of supply current and increase the drive efficiency in the considered speed range.
Mathematical model
The mathematical model of SRM, in the general case of nonlinearity of the magnetic circuit can be expressed in the form:
where individual vectors representing voltages on the terminal windings, currents, and flux-linkages, as well as the matrix of phase resistances are defined as:
respectively. Moreover, the following symbols have been used in formulas (1)-(4): N -number of stator phases; θ -rotor position, ω -angular velocity, J -moment of inertia, Dcoefficient of viscous friction, T L -load torque and W * (θ, i) -electromagnetic co-energy. Formula (4) determines the electromagnetic torque of the motor. It can be expressed in the form:
In practice, a full symmetry of motor design is frequently assumed, with neglected magnetic couplings between phases and the dependence between the flux ψ k (θ, i k ) and the current i k (k = 1, 2, . . ., N ) determined in the form
where L k (θ, i k ) is nonlinear self-inductance coefficient of kth phase. With such assumptions, motor Eqs. (1) and (4) can be transformed into the form (k = 1, 2, . . ., N ):
where
In Eq. (8) W * k (θ, i k ) represents the co-energy of k-th phase (k = 1, 2, . . ., N ). Individual components of the right-hand side of Eq. (7) represent the resistance voltage drop, the transformation voltage, and the back-EMF e, respectively.
The electromagnetic torque T e from formula (8) by assuming (6) can be written as:
Individual components of the right-hand side of Eq. (11) represent component torques from currents of particular phases, respectively.
Classical control method
The source current ripple level depends on the maximum value of phase current (I max ), control angles (θ on , θ off ), and capacitance (C) of the filter capacitor. Reduction of the source current ripple results also in lower dc-link voltage ripple. The paper [13] proposes an algorithm to reduce dc-link voltage ripple. However, specific cases considered in the above-quoted paper did not include motor control with overlapping intervals of conduction periods of individual phases. Another solution to reduce the source current ripple or to correct power factor consists in using an additional converter between the supply source and the SRM converter [14] . In electric vehicles, when accelerating after a stop or driving at a low speed, it is necessary to use the current control. In SRM drives, when the current control is used, it is necessary to supply two windings within a certain rotor angle interval in order to avoid electromagnetic torque dips. To supply SRM drives, various power system configurations can be used [15] , but the most universal is the half-bridge circuit with two transistors and two diodes per motor phase. A schematic diagram of a half-bridge k-phase SRM power converter is presented in Fig. 1 . The current between the power circuit and the filter capacitor C is denoted as i dc , while the source current is represented by i * dc . Fig. 1 . A k-phase SRM power converter
The principle of operation of a single branch (k-th phase) of the power circuit can be described as follows. If the transistors, the upper (T Hk ) and the lower (T Lk ), are switched on at the same time, the current is drawn from the voltage source and dc-link capacitor C. In case when only one transistor is switched on, current flows in the inner loop L k −D Hk −T Hk or L k − D Lk − T Lk as a result of energy stored in winding L k . If both transistors are switched off, then the current freewheels through diodes D Hk and D Lk back to the supply source and dc-link capacitor C (the energy return).
In case when two phases are supplied at the same time, the maximum value of the current i dc , i.e I dcmax , may be twice as high as the maximum value of phase current (I max ). Such a feature is particularly adverse in view of possible increase of electromagnetic interference and instantaneous overload of the dc source. Such an increase of the maximum value of source current up to 2I max may occur e.g. in the classical current control (CCC) with the use of digital hysteresis current controller [16] [17] . Operating functions of regulators of the outgoing phase (k−1) and the incoming phase (k) can be written as:
where e k−1 = I ref − i k−1 is the outgoing phase current error, e k = I ref − i k is the incoming phase current error, and I ref is the reference current.
In general, the current regulator function for CCC method in the conduction period θ on , θ off can be written as:
The waveforms of phase currents i and the source current i dc are presented in Fig. 2 .
In most cases, electric vehicles are supplied from electrochemical batteries, so currents with large magnitudes may have an adverse impact on their service life. Methods used to mitigate this effect include the use of a capacitor filter or an active filter.
This paper presents a dependent current control method (DCC) in which control function of incoming phase current A switched reluctance motor control method limiting the maximum dc source current in the low-speed range depends on control function of outgoing phase current. The proposed method imposes a limit on the maximum value of supply current. In view of the fact that such reduction of the maximum value of source current would reduce its rms value, one can expect also reduction of power losses in a supply source and in power leads. 
Proposed control method
In order to counteract the increase of the instantaneous source current up to the level 2I ref , any two windings must not be supplied at the same time. If the conduction periods of any two neighboring phases overlap, transistors should be controlled in such a way that when one of phase windings is being supplied, the other is operating in zero-volt state or in de-fluxing period. In the motoring operation, each phase is supplied near unaligned position. At this moment, the time constant of circuit is small. Additionally, the derivative ∂L k (θ, i k ) ∂θ in such a position of the rotor is close to zero which means that the back-EMF is also close to zero (e ≈ 0). As a result, the phase current increases very fast. In case when the rotor position is close to turn-off angle (θ off ), the time constant of circuit is larger than at turn-on angle (θ on ). Moreover, the derivative ∂L k (θ, i k ) ∂θ reaches high values so phase current rises much slower than in unaligned position.
The current in the incoming phase increases much faster than this in the outgoing phase, so it may be concluded that with constant sampling time of current regulator (t samp ), current changes in the incoming phase are much more significant that those occurring in the outgoing phase (i.e. di k / dt < di k+1 / dt). For this reason, the current decay time in the in-coming phase is much longer than this in the outgoing phase. Making use of this property, it is possible to make that operation of the current controller in the incoming phase is dependent on the state of the current controller in the outgoing phase.
When such control principle is being adopted, a problem occurs when incoming phase is supplied, and the current in this phase equals zero. At higher rotor speeds, the current rise time increases, and according to the proposed control principle, the controller in the outgoing phase must not be supplied as long as the state of the controller in the incoming phase is "1". This results in a significant decrease of the current (and thus also the torque) in the outgoing phase. The problem is illustrated in Fig. 3 . In order to avoid such an adverse effect, an additional interval is introduced in which current in the incoming phase is controlled by the inverted outgoing phase control function f i(k−1) . Such a control method is justified because current increase in the incoming phase is faster than in the outgoing phase. The application of this method extends the current rise time compared to the CCC method. The conduction period θ on , θ off in the proposed method has been divided into three sub-intervals (cf. Fig. 4a ): As it can be seen in Fig. 4b , the maximum value of current i dc does not exceed the maximum value of phase currents I max , in contrast with the CCC method.
The current control function for the proposed DCC method can be written as: Figure 5 depicts the logic structure of current regulator of one phase in DCC method. In the DCC method, phase current in period θ on(k) , θ Iref(k) rises slower than in CCC, because a mean value of phase voltage (with a neglected voltage drop of converter's semiconductor elements and motor power leads) equals:
is a mean value of phase voltage (k−1) determined in period θ on(k) , θ Iref(k) (Fig. 6 ). 
Simulation results
The simulation model of a four-phase SRM has been developed based on the presented mathematical model. Fundamental parameters of the SRM are listed in Table 1 . f (θ, ψ) and T e = f (θ, i) characteristics were tabulated and they are presented in Fig. 7 . Characteristic were determined using FEM, when a motor was designed. Figure 8 shows the structure of the SRM simulation model. The discussed simulation model comprises the following blocks:
• resistance R -containing resistances of individual phases; • look-up table i = f (theta, psi) -on the grounds of which phase currents of the machine are determined;
• torques T e -where the look-up table of T e = f (θ, i) was placed. Fig. 8 . A block structure of the simulation model of the SRM in MATLAB/Simulink A schematic diagram of the block determining the electromagnetic torque is presented in Fig. 9 . The block comprises the torque-current-angle characteristics of individual motor phases. Fig. 10 .
The combination of the SRM model with the SRM drive system has been embodied by controlled current sources. A structure of the complete model of the SRM drive supplied from a battery is presented in Fig. 11 . The model is divided into three blocks, i.e. the SRM and the Power converter (discussed above) as well as the Control module in which the drive control logic is integrated. Figure 12 shows phase currents waveforms observed with the use of CCC (Fig. 12a) and DCC (Fig. 12b ) methods for the motor speed n = 700 rpm and I ref = 67 A. The as-sumed control angles in both of these cases were θ on = 3 • and θ off = 23 • . The simulations were carried out with the use of a filter capacitor with capacity C = 6600 µF, i.e. the same as provided in the real system. For both considered control methods, differences in waveforms of the electromagnetic torque T e are small. Distinct differences can be seen in the source current (i * dc ) waveforms. The maximum value of the source current I * dcmax in the CCC method exceeds 100 A, whereas in the DCC method it reaches only the maximum phase current value, i.e. 67 A. In the DCC method, phase currents rise significantly slower than in the CCC. Figure 13 shows characteristics of torque mean value (T eav as a function of motor speed (n) for various turn-on angles (θ on = −1, . . ., 2 • ) and conduction period equals 21 • . Characteristics were determined for CCC ( Fig. 13a ) and DCC (Fig. 13b ) methods. As it can be seen, the proposed DCC method has a lower speed range than CCC method. It can be also seen that in the proposed method a torque drop is significantly faster above a base speed. This arise from the fact that in DCC phase current in an incoming phase at higher speeds rises much slower than in the CCC method ( Fig. 14a ). When phase current does not reach the reference value, the incoming phase is supplied later (not at θ on(k) but θ off(k−1) - Fig. 14b ), that leads to a significant drop in produced torque.
Experimental results
A laboratory setup with the SRM has been designed and constructed in order to verify simulation results [18] . Details of tested motor are listed in Table 1 . A block diagram of the laboratory setup was presented in Fig. 15 . The DS1103 PPC Controller Board by dSpace was used to control the drive. As a load, a separately excited dc machine was used controlled by programmable converter (Mentor). Figure 16 shows a view of the laboratory setup. Figures 17 and 18 show waveforms of phase currents and source currents for CCC and DCC, respectively. The waveforms were registered at the speed of n = 700 rpm. The motor was powered from an accumulator with rated voltage of 24 V. The turn-on angle was set to θ on = 3 • , and the turn-off angle to θ off = 23 • . Comparing waveforms of the source current i * dc for both control schemes it can be easily seen that its maximum value has been significantly reduced in the case of the DCC method. However, the use of DCC results in much slower rise of phase currents. In order to compare drive parameters observed when using either CCC or the DCC method, characteristics of the maximum source current value I * dcmax ( Fig. 19 ) and the drive efficiency η total (Fig. 20) versus the load torque T L have been determined at the motor speed of n = 1000 rpm and the dc-link voltage U dc = 24 V. In this case, the drive was powered from Agilent 6692A stabilized power-supply. The measurements were taken with the use of Yokogawa WT1800 power analyzer. When comparing the obtained results it can be seen that the maximum value of source current is much lower when the DCC method is used. The difference in I * dcmax by using both control methods increases significantly with increasing the load. It can be seen from Fig. 19 that when the DCC method is used, efficiency of the drive also increases with increasing load torque.
A switched reluctance motor control method limiting the maximum dc source current in the low-speed range Figure 21 shows efficiency of the SRM drive as a function of turn-on angle at speed n = 700 rpm, load torque T L = 3 Nm, dc-link voltage U dc = 24 V for CCC and DCC. It can be seen that when turn-on angle is less than 8 • , efficiency of the drive is larger in DCC method. Figure 22 shows efficiency as a function of motor speed at constant load torque T L = 3.65 Nm, U dc = 24 V and constant control angles (θ on = 0 • , θ off = 24 • ). It can be seen that efficiency in DCC method is larger than in CCC above speed n = 300 rpm. With increasing the motor speed, difference between efficiency in DCC and CCC also increases.
Conclusions
This paper presents a new dependent current control (DCC) method of switched reluctance motors (SRM) in the low-speed range. In the proposed method, operation of the phase current regulator depends on the state of the outgoing phase current regulator. Application of DCC provides the following advantages compared to the classical current control (CCC):
• limited maximum value of source current, • increased efficiency, especially for higher load torques, • the accumulator service life can be extended.
The proposed method has also following drawbacks:
• lower speed range than in the classical current control (CCC), • necessity of control method change from DCC to CCC above the base speed.
The proposed DCC method may be used as a component of the global SRM control system in an electric vehicle.
